INTRODUCTION
If the potential for MOCVD to provide both homogeneous. large surface area thin films and high production rates is to be fully realiscd, the eEficiencp of the entire process must be masimised. Optimising MOCVD reactor design and operation and ~ninimising human inten~ention are kc? features in obtaining this goal. The latter is apparent in the casc of the high tcniperature supcrcond~lctor. YBa2Cu,07.6. The most widely used precursors for this material arc a range of l3-diketonates. derivatives of pentane-2,4-dione and, in particular. the tel.1-butyl derivative 7.2.6.6-tetrametliylheptane-3.5-dionc (TMHD) [1, 2] 
. [Y(TMHD),], [Ra(TMHD),] and [ C U ( '~M H D )~] have been success full^^ employed to
deposit high quality films of YBazCu307.j by MOCVD [3-51. However. the low thermal stability of the Ba l3-diketonate in particular. requires it to be heated to 200 -250 "C (compared to I00 -150 "C for Y and Cu) and has led to irreproducible film deposition characteristics. To overcome this. currcnt practice is to change source materials between deposition runs 161. This avoids using precursors that have bcen subjected to elevated temperatures for any period of tinic. It is. however. time consuming and noneconomical with respect to the precursor.
There are two approaches to alleviate the problems associated with low \aolatilty and stability. Firstly, an engineering solution such as the use of flash evaporation in liquid deli\,ery systems [71 and secondly, the manipulation ofthe chemistry of the precursor to pro\.ide more tl~ermally stable and \.olatile Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1995547 materials. One approach to increasing the volatility has been to employ fluorinated a-diketonates. Replacement of the hydrocarbon ter./-butyl groups with perfluorocarbon substituents provides good steric hinderance and removes the intra molecular 1-1 bonding that contribute to the low volatility. This has been successsfully demonstrated using, for cxample, [ B~( 8J and [~a (~~~) , . t e t r a g l~m e ]~ [9] . This work concentrates on further chemical solutions suitable for MOCVD purposes.
The passage of a stream of carrier gas through a sourcc material in a 'bubbler' or precursor pot prior to transporting the vapour phase reagent to the MOCVD reactor imposes certain requirements on the source reagent. It is essential that it has both a high vapour pressure and an indefinite thermal stability under operating conditions. In our experience, low pressure MOCVD of YBCO requires precursolvapour pressures of around 1 mbar. These vapour pressures must be acl~ievcd, however, without taking the precursor temperatures above 200°C, the linlit imposed by tlic reactor components. The sourcc reagent is not in equilibrium with its vapour in the precursor pot. It is a dynamic system operating at high gas velocity with low residence times. Under typical CVD conditions, the rate of transfer of the material to the vapour phase determines its carry-over rate. The surlacc area : volume ratio must thereforc be rate determining. This ratio niay change during evaporation oS a solid either tlirough sintering or prclkrcntial evaporation of smaller particles. It does not, however. change for a liquid. In this paper, wc ~.cport the synthesis of novel Y, Ba and Cu precursors and the conditions under which thcy are employed as liqi~ids in the successful and reproducible MOCVD of homogeneous thin i i l n~s of YBa,Cu3O7.,.
The effectiveness of the precursors can only be rcaliscd in con~bination with eflicient and reproducible transport and deposition processes. without complete transfer oS all niaterials in the gas phase from the precursor pot to the reaction chamber and the ability to carry out depositions under precisely defined and reproducible conditions, the advantages gained from the use of liquid precursors are reduced. The MOCVD equipnlent and processes employed in this work have been designed to optimise both. The homogeneity and uniformity of the films is of primary importance. In order to achieve this every part of the film must be subjected to the same thermal and flow conditions. We have impleme~lted this concept by means of a Gas Foil RotationTM (GFR) susceptor [lo].
EXPERIMENTAL

Precursor Synthesis
Syntheses were carried out using standard Schlenk techniques. Air sensitive reagents were stored in a dry box prior to use and used as received.
[ [Ba(TDFND)2.tetraglyme] was prepared as described previously [l2] . Cu(TDFND), was prepared by the addition of HTDFND (5.0 cm3, 10 mmol) to a solution of copper sulphate (1.56 g, 6 mmol) in deionised water at ambient temperature. A green oil imtncdiately separated, became progressively morc viscous and alier thirty minutes yielded a suspension of bright green solids. The solids were collected by filtration and dricd under vacuum ovcr P,O,. The resulting dark green solids were found by STA (see section 3.1 to be the llydratcd complcx [Cu(TDFNt)),l.I 120. The solids were sublimed at 90°C, 0.5 mbar. Grcy-green solids werc isolated that possesscd n mclting point of 68°C. Elemental analysis of the sublimed matcrial shuxvcd it to be tllc anhydrous ICu(TDFND)?] {C 24.67 (24.62) and H 0.26 (0.23) found vcrsus (calculated) % r l m ) .
MOCVD of Y B~, C U , O~-~
MOCVD experiments were carried out in an AIXTRON 200 reactor specifically designed for the exploitation of metal-organic precursors.
The precursors were contained in stainless steel bubblers that could be temperature controlled from 45 to 200°C to an accuracy of +l°C. To avoid condensation of the precursors on exiting the bubblers, the valves and gas lines through which the precursors flow were heated in conventional dry ovens, 30°C higher than the bubbler temperature. The pressure inside each bubbler was independently controlled and monitored by a temperature compensated pressure transducer. The carrier gas flow rate through each bubbler was electronically operated by mass flow controllers to provide high accuracy and reproducibility. The chosen carrier gas was nitrogen (99.998%).
To ensure complete removal of fluorine during the deposition process, sufficient water must be introduced into the reactor [I 31. Water was evaporated inside a conventional precursor bubbler and transported along a heated run line to maximise efficiency. Since the precursors were transported in pairs along the run lines, it was decided that water should share the line with [CU(TDFND)~]. This material was prepared by an aqueous route so was considered less likely to undergo premature decomposition.
Transport of the gaseous precursors to the gas mixing chamber was performed througl~ heated run and vent lines. The temperature was set high enough to reduce the possibility of cold spots that cause condensation of the reactants but low enough to prevent decomposition of the precursor in the gas stream. The vent line allowed stabilisation of the flows in the carrier gas stream prior to entry into the reactor. Rapid switching times between vent and run lines below 0. Is were obtained.
The reactor conlprised a cold wall, horizontal flow, quartz reaction chamber. Two types of susceptor were employed both fabricated from a graphite block coated with silicon carbide. In the static design, recesses in the block allowed the substrates to be seated in the susceptor thus maintaining a smooth surface for the gases to pass over, reducing unwanted turbulence. To further improve on the uniformity of the films a GFR Susceptor was used. The substrates were seated in a silicon carbide coated graphite disc inset into the main susceptor and located axially by a pin. A gas flow arrangement forced the disc to rotate about its central axis subjecting the substrates to an average of the conditions within the reactor. Both types of susceptor were heated by high radiation density infra red lamps allowing a maximum temperature of 1000°C. The temperature of the susceptors was measured using a thern~ocouple within the susceptor. The temperature of the substrate was measured using a two colour pyrometer. A difference of 30 and 60°C was found between the susceptor and substrate temperatures for the static and the GFR Susceptor respectively. The pressure in the reactor was controlled by a two stage roughing pump equipped with capacitative pressure transducer, control unit and throttle valve to enable pressures in the range 1000 to 1 mbar to be reached. Table 1 .
3.
RESULTS AND DISCUSSION
3.1
Thermal Analysis of Precursors. In the synthesis of the Cu precursor, the initial material isolated is the hydrate [CU(TDFND)~].~H~O. The DTA trace shows a broad trough associated with a weight loss of 2.06% preceding a sharp endotherm at 68°C. The latter has no weight loss associated with it and can be ascribed to melting. The broader feature may therefore be interpreted as loss of water to a fully anhydrous material immediately prior to melting. The loss of 2.06% is consistent with the removal of 1 H 2 0 (n=l). This is confirmed by subliming the sample to give the anhydrous material and repeating the analysis. The broad trough disappears but the melting point remains at 68°C (Figure I (c) ).
The The single step weight loss to near zero residues (R), shown in the thermogravimetric (TG) trace of each liquid precursor, clearly indicates that the materials undergo complete volatilisation by 300, 300 and 200 "C (Y, Ba, Cu) at ambient pressure. There is no evidence that dissociation of the precursors precedes volatilisation. This conclusion is supported by high resolution thermogravimetric analysis with evaporation over a period of 5 hours.
Identical sharp melting points and evaporation to zero residues are still observed after several months of storage in a dry atmosphere.
3.2
Characterisation of MOCVD Thin Films
YBa2C~307-6 Thin Films?om Three Liquid Precursors
Films deposited in Experiments A were first studied by Scanning Electron Microscopy (SEM) to observe the surface morphology. A uniform dark, background layer was evident that was interspersed with white, elevated areas -1prn diameter at a density of <2 per 100pm2. These distinct areas were further analysed by Energy Dispersive X-ray Spectroscopy (EDS) using an accelerating voltage of 17 kV. The Y:Ba:Cu ratios of similar films for the background layer were found to be close to the desired 1 :2:3 ratio ( Table 2 ). The elevated white boulders, however, were significantly Cu rich. The growth rate for the films was deliberately slow, 0.06 -0.08 pmh, to allow time for the hydrolysis of unwanted fluorides to proceed to completion.
Negative Secondary Ion Mass Spectroscopy (SIMS) depth profiling was used to determine the concentration of fluorine in the films. The intensity of F-and YOz' ins were monitored to a depth of up to lpm for all samples. A standard was prepared by implanting fluorine into an YBazCu,O,., film. deposited by laser ablation from a fluorine free target, with a dose of 1 x lo1, F cm-2 at 180 keV. SIMS analysis of the implant standard yielded a relative sensitivity factor which was subsequently applied to convert F-/YO,' ratios to fluorine concentrations. The profiles revealed a high fluoride concentration at the surface, that fell rapidly to a constant level within the film. A sharp drop off in concentration Critical temperatures, T,, and critical current densities, Jc, were determined by ac susceptibility at 10 Hz in a standard 2 coil mutual inductance set up (see Table 2 ). T, values were obtained by applying a 0.1 Gauss excitation ac field and recording the temperature at which the sample expelled the external field. The high T, values, >90 K, suggest an oxygen rich film stoichiometry, typically 6 < 0.2 [14].
Critical current densities were measured at 77K in the presence of a 100 Gauss excitation ac field. Values obtained for each film were in excess of lo6 Alcm2 (Table 2) .
From the X-ray diffraction data, the slow 0 -2 0 scan showed clear evidence of epitaxial growth of the thin film on SrTi03. No other phases were detected. Figure 2 displays the data and the peak fitting using a Gaussian profile hnction. Fitting of the 2 0 positions of (001) (Figure 2 inset) . The full width at half maximum for the (005) peak was 0.18".
The results described here are typical of films deposited under the same operating conditions. The precursors are charged to the precursor pots and subjected to the elevated temperatures given in Table I continuously for up to eight weeks. No deterioration in the carry over rate with respect to time has been observed. XRD and Rocking Curve for the (005) Peak (inset) for YBaZCu,O., on SrTiO, (100) from Three Liquid Precursors.
Large Surface Area MOCVD
The ability to deposit thin films uniformly and homogeneously over a large surface area was demonstrated using the GFR susceptor. Twenty five SrTiO, (100) substrates (8 x 8 x 0.5 mm) were placed in a square configuration (5 x 5) covering an area 40 x 40 mm. The films were shiny and black in appearance. Their surface morphology was investigated by SEM. Each film comprised a smooth, dark layer with white features protruding from the surface similar to those found carlier when using three liquid precursors. Typical morphologies at given distances across the deposition area are shown in Figure 3 . The smooth background was analysed by EDS and yielded Y:Ba:Cu ratios close to 1:2:3 (Table 3 ) with an average thickness of 0.24 pm. The light areas are copper rich and occur at regular intervals across the entire area of deposition.
Detailed AC susceptibility measurements have yet to be carried out on these films. However, initial four point probe resistance versus temperature measurements indicate the films are superconducting with transitions in the region of 90K. 
4
CONCLUSIONS We have successfully demonstrated the reliable and reproducible MOCVD of Y B~, C U~O~-~ thin films using novel precursors that are thermally stable and liquid at the temperature of use. The quality of the films has been confirmed by the results from X-ray diffraction (c axis orientation) and ac susceptibility (T, >90 K, J, >2 x lo6 ~/ c r n~) .
A low level of residual fluorine -lo4 F atoms per YBa2Cu30,.6 has been detected but its presence has no apparent detrimental effect on the superconducting properties of the film.
The ability to deposit films uniformly over substantial areas (40 x 40 mm) using a combination of liquid and solid precursors has also been demonstrated.
The work has shown the validity of the chemical approach to the problems encountered by many MOCVD workers and the value of close integration between precursor synthesis, MOCVD reactor design and deposition processes that has enabled the deposition of high quality Y B~, C U~O , _~ films.
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